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Atomically thin semiconductors made from transition metal dichalcogenides (TMDs) are model
systems for investigations of strong light-matter interactions and applications in nanophotonics,
opto-electronics and valley-tronics. However, the typical photoluminescence spectra of TMD mono-
layers display a large number of intrinsic and extrinsic features that are particularly challenging
to decipher. On a practical level, monochromatic TMD-based emitters would be beneficial for
low-dimensional devices but no solution has yet been found to meet this challenge. Here, using
a counter-intuitive strategy that consists in interfacing TMD monolayers with graphene, a system
known as an efficient luminescence quencher, we demonstrate bright, single and narrow-line photo-
luminescence arising solely from TMD neutral excitons. This observation stems from two effects:
(i) complete neutralization of the TMD by the adjacent graphene leading to the absence of optical
features from charged excitons (ii) selective non-radiative transfer of TMD excitons to graphene,
that is sufficiently rapid to quench radiative recombination of long-lived excitonic species without
significantly affecting bright excitons, which display much shorter, picosecond radiative lifetimes
at low temperatures. Our approach is systematically applied to four tungsten and molybdenum-
based TMDs and establishes TMD/graphene heterostructures as a unique set of opto-electronic
building blocks. Graphene not only endows TMDs monolayers with superior optical performance
and enhanced photostability but also provides an excellent electrical contact, suitable for TMD-
based electroluminescent systems emitting visible and near-infrared photons at near THz rate with
linewidths approaching the lifetime limit.
TMD monolayers (thereafter simply denoted TMD),
such as MoS2, MoSe2, WS2, WSe2 are direct-bandgap
semiconductors [1, 2], featuring short Bohr radii, large
exciton binding energy (near 500 meV [3]) and picosec-
ond excitonic radiative lifetimes at low temperature [4–
6], all arising from their strong 2D Coulomb interac-
tions, reduced dielectric screening and large effective
masses [3, 7]. Since the first investigations of light
emission from TMDs, it has been clear that their low-
temperature spectra was composed of at least two promi-
nent features, stemming from bright neutral excitons
(X0) and charged excitons (trions, X?) [8–10] endowed
with a binding energy of typically 20 to 40 meV rela-
tive to X0. Among the vast family of TMDs, one may
distinguish between so-called dark and bright materi-
als [11]. In the case of Molybdenum based-TMDs, X0
is the lowest lying excitonic state, resulting in rather in-
tense emission at low temperature, whereas, a spin-dark
state lies lower than X0 in Tungsten-based TMDs. As a
result, X0 and X? emission dominate the PL spectrum
of Mo-based TMDs [9], whereas the emission spectra of
W-based TMDs display a complex series of lines stem-
ming from X0, bi-excitons (XX0)[12–15], charged exci-
tonic states (including X? [10, 16] and charged biexci-
tons (XX?) [12–15]), spin-dark excitons [17–19], defect-
induced emission and exciton-phonon sidebands [20].
Considerable progress has been made to determin-
istically observe intrinsic TMD emission features. In
particular, encapsulation of TMDs in hexagonal boron
nitride (BN) films results in narrower neutral exciton
linewidth [21, 22], approaching the radiative limit [6, 23,
24], without however, getting rid of the other emission
features mentioned above. Even in electrostatically gated
devices tuned near the charge neutrality point, sizeable
emission sidebands remain observable at energies close
to the X? feature, suggesting residual charge inhomo-
geneity [9, 10] or intrinsic contributions from longer-lived
exciton-phonon replicas [20].
The complex emission spectra of TMD stimulate lively
scientific debates. Conversely, obtaining atomically-thin
semiconductors with single, narrow emission lines re-
mains an important challenge in the field. An appeal-
ing solution could consist in interfacing a TMD mono-
layer with graphene. Indeed, the semi-metallic character
of graphene and its highly symmetric electronic struc-
ture [25], with its Dirac point lying within the bandgap
of Mo- and W- based TMD [26–28], makes it an ideal
electron and hole acceptor, through static charge trans-
fer [29, 30]. Unfortunately, at room temperature, the
effective X0 lifetime is in the ns range [4, 5, 30] and in-
terlayer coupling between TMDs and graphene results
in large PL quenching [30–32] due to picosecond energy
transfer mediated by either charge tunneling (Dexter-
type) or longer-range dipole-dipole interaction (Fo¨rster-
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FIG. 1. Bright, single, and narrow-line photoluminescence (PL) spectra in TMD/graphene heterostructures
(lower panel) – The PL spectra of BN-capped TMD are shown for comparison in the upper panel. All spectra are normalized
to unity relative to their most intense feature. The scaling factors indicated for each material allow direct comparison between
the PL intensities in BN-capped TMD and BN-capped TMD/graphene. The bright neutral exciton (X0) lines in bare TMD
are indicated by asterisks. All measurements were performed at temperatures below 20 K, in the linear regime with continuous
wave laser excitation at 2.33 eV (MoSe2, MoS2, WS2) or 1.96 eV (WSe2).
type) [30, 33]. However, a much more favorable situation
may occur at lower temperatures, where the radiative
lifetime of X0 drastically shortens [4, 5] and becomes of
the same order of magnitude as the theoretically esti-
mated energy transfer time [33].
In this work, we demonstrate that W- and Mo-based
TMDs coupled to a graphene monolayer exhibit only
one single and narrow emission line that is assigned to
X0 radiative recombination, indicating complete neu-
trality. The short-lived X0 states are minimally af-
fected by non-radiative transfer to graphene and sub-
sequent PL quenching, in stark contrast with longer-
lived excitonic species, which are massively quenched.
Graphene has been recognised as a partner material
of choice to improve the opto-electronic response of
TMDs [34], whereas TMDs hold promise to improve spin
transport in graphene [35, 36]. Our results now estab-
lish TMD/graphene heterostructures as an outstanding
light-emitting system readily interfaced with a quasi-
transparent conductive channel.
Figure 1 shows the PL spectra of van der Waals het-
erostructures made from monolayers of MoS2, MoSe2,
WS2 and WSe2 stacked onto graphene monolayers and
encapsulated in BN (lower panel). These spectra are
compared to those of neighboring BN-capped TMD re-
gions (upper panel). All TMD/graphene spectra display
one single and narrow Lorentzian emission line, with a
full width at half maximum (FWHM) of typically 5 meV,
suggesting minimal dephasing and disorder (see Table
S1). The TMD references also display narrow emission
features assigned to X0 (see asterisks in Fig 1, upper
panel), but the latter are accompanied with the lower
energy emission lines introduced above [3, 16, 20, 21]
(See Fig. S1). The sharp PL lines in TMD/graphene
are slightly redshifted (by ∼ 10 meV) with respect to
X0 in the TMD references. By measuring the tempera-
ture dependent PL spectra and the differential reflectance
(DR) spectra of TMD and TMD/graphene, we can un-
ambiguously assign these single lines to X0 (see Fig 2 and
Fig. S2-S4). Therefore, we conclude (i) that no X? emis-
sion is measured in TMD/graphene and (ii) that the X0
redshift in TMD/graphene arises from dielectric screen-
ing [30, 37]. Crucially, we note that PL quenching of the
X0 line is moderate, systematically of less than one order
of magnitude in all samples under study (see Fig 1 and
Table S1). The difference between PL from TMD and
TMD/graphene heterostructures is particularly striking
in the case of tungsten-based TMDs. In these dark ma-
terials, hot luminescence from X0 is quite inefficient and
lower lying emission lines dominate the PL spectra, es-
pecially in WS2, (see Fig. 1 and S1). All these features
are much more longer lived than X0 in TMD [4, 38–40]
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FIG. 2. Neutralizing an atomically thin semiconductor with graphene – (a) Optical image of a BN-capped
MoSe2/graphene sample. Maps of the neutral exciton (X
0) emission FWHM (b) and integrated intensity (c). (d) Map of
the trion (X?) integrated PL intensity. No X? emission is observed over the whole MoSe2/graphene area. Differential re-
flectance spectra ∆R/R and PL spectra of (e) MoSe2 and (f) MoSe2/graphene, taken at the spots indicated in white and red
on (b-d), respectively. The inset in (f) shows the PL spectrum of MoSe2/graphene on a semi-logarithmic scale. The data are
recorded at a temperature of 4 K, in the linear regime using continuous wave laser excitation at 2.33 eV.
and are thus literally washed out in the emission spec-
tra of TMD/graphene heterostructures due to fast non-
radiative transfer to graphene.
We now specifically focus on the case of
MoSe2/graphene heterostructures, with PL map-
ping, as well as typical DR and PL spectra shown in
Fig 2 for a BN-capped sample onto a glass coverslip.
The PL spectrum of BN-capped MoSe2 is composed of
two lines with similar intensities, shifted by 28 meV.
The high and low-energy line are assigned to X0 and X?
PL [9], respectively. An X? absorption feature emerges
on the DR spectrum, with an amplitude considerably
smaller than that of the X0 DR feature (Fig 2e). In
contrast, the BN-capped MoSe2/graphene region of
the sample displays only X0 absorption and emission
features. As shown in Fig. 2b-d, these observations can
be consistently made over the whole (> 40 µm2) area of
a coupled MoSe2/graphene region. This is an important
point, since TMD-based van der Waals heterostructures
are known to be spatially inhomogeneous and hence, the
observation of “trion-free” spectra might be accidental.
In return, the absence of X? emission can be exploited
as a reliable probe of the coupling between TMD and
graphene.
Different scenarii may explain the absence of X? ab-
sorption and emission features in TMD/graphene. Let us
first assume that the TMD coupled to graphene remains
doped. Trions may then form rapidly but their slow ra-
diative recombination (in the 20-200 ps range [4, 6]) is
quenched by graphene. We may thus still be able to
observe an X? absorption feature in the DR spectra, in
contrast with the measurements in Figure 2e. Further-
more, since the X? PL feature is more than three orders
of magnitude weaker than the X0 PL feature (see in-
set in Fig. 2f), the X? lifetime would be reduced to less
than ∼ 100 fs, an unrealistically low value. Alternatively,
graphene may fully quench hot excitons before they can
relax and form X0 and X? near resident carriers. How-
ever, X? and X0 formation are equally fast in MoSe2 (see
refs. [4, 6] and Fig 4). As a result, this scenario would
imply massive X0 PL quenching, in obvious contradic-
tion with our observations. The third and most plausible
course of events is that all the native dopants in the TMD
(either electrons or holes, with a typical density on the
order of 1011 − 1012 cm−2) transfer to graphene, leading
to a slight increase of the Fermi level of graphene (typ-
ically by less than 100 meV) and to the observation of
intrinsic absorption and emission. This scenario is cor-
roborated by room temperature Raman scattering [30]
and PL measurements (see Figs. S5 and S6).
To further establish the benefits of coupling TMD to
graphene, we show, in Fig. 3, the PL spectra of the BN-
capped MoSe2/graphene introduced in Fig. 2 recorded
under continuous wave (cw) photon fluxes (hereafter de-
noted Φph) at 2.33 eV, spanning more than five orders
of magnitude. The X0 PL intensity scales quasi-linearly
with Φph, up to 3 × 1023 cm−2s−1 (i.e., ≈ 1 mW/µm2).
We note, however, the emergence of two faint PL shoul-
ders. The first one is blueshifted by about 120 meV from
X0 and its intensity scales linearly with the Φph. We
assign this feature to hot luminescence from the neu-
tral excited 2s exciton [37], X02s. The second feature is
redshifted by about 25 ± 2 meV, i.e., a few meV less
than the X? line in MoSe2 (see Fig. 2c) and its inten-
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FIG. 3. Laser power dependent photoluminescence in a BN-capped TMD/graphene heterostructure at 4 K– (a)
Semi-logarithmic cascade plot of the PL spectra of the BN-capped MoSe2/graphene sample shown in Fig. 1,2, recorded under
cw excitation at 2.33 eV with increasing photon fluxes Φph. The spectra are normalized by the photon flux and the integration
time and vertically shifted for clarity. (b) Dependence of the integrated intensity of the neutral 1s exciton (X0 brown), first
excited 2s neutral exciton (X02s, orange) and photoinduced trion (X
?, green). The solid lines are fits based on a power law and
the critical exponents β are indicated. (c) PL spectrum recorded at Φph = 3 × 1023cm−2s−1 showing the X0 and X? features
on a linear scale. Note that the X02s feature is not visible on this scale. The inset in (c) shows the energy difference between
X0 and X? as a function of Φph.
sity rises quadratically with Φph. Therefore, this feature
could tentatively be assigned to a biexciton (XX0). How-
ever, XX0 have recently been observed in MoSe2 [41] and
WSe2 [12–15] monolayers and display binding energies of
. 20 meV, significantly lower than the value observed
here in a system that undergoes more screening due to
the presence of graphene. Thus, the lower energy feature
is tentatively assigned to emission from photocreated tri-
ons with a slightly reduced binding energy. As previously
reported in other low-dimensional materials (e.g.; carbon
nanotubes [42, 43]), at sufficiently large exciton densi-
ties, bimolecular exciton-exciton annihilation (EEA [44])
can create free carriers. Subsequent photon absorption
leads to X? formation and emission. In this scenario,
a quadratic scaling with Φph is expected. Noteworthy,
X0 emission remains more than one order of magnitude
brighter than X? emission at the highest Φph employed
here, which justifies why we do not observe a sub-linear
rise of the X0 PL intensity due to EEA. The data in Fig. 3
and Fig. S6 also reveals the outstanding photostability of
TMD/graphene systems that can sustain photon fluxes
above typical PL non-linearity and damage thresholds in
bare TMD [45].
Let us finally consider exciton dynamics in
TMD/graphene. Fig. 4 compares the PL decays of
MoSe2 and MoSe2/graphene, recorded at 14 K on
another sample deposited on SiO2. A three-level
system [6] considering hot excitons, such as finite
momentum 1s excitons and 2s excitons, formed shortly
after laser excitation [46], X0 and the ground state is
shown in Figure 4a. In keeping with previous reports,
the X0 exciton lifetime (τX0) is only ∼ 2 ps in bare
MoSe2, and can be assigned to the radiative lifetime
τ radX0 [4], whereas X
? display a much longer lifetime of
τX? = 30 ps. Remarkably, within experimental accuracy,
τX0 has identical values in MoSe2/graphene and in
the neighboring MoSe2 region. This striking result
demonstrates that non-radiative transfer to graphene
has a minimal impact on the radiative recombination
of X0 excitons. Still, while the integrated PL intensity
from X0 in TMD/graphene on SiO2 is nearly twice that
of a close-lying TMD reference (see Fig. 4a), the total
PL intensity from TMD remains ≈ 4.5 times larger
than that of TMD/graphene. This key result indicates
that non-radiative hot exciton transfer from TMD to
graphene may bypass X0 formation (and hence reduce
the measured X0 PL intensity) provided the relaxation
of hot excitons down to the light cone is slower than
their non-radiative transfer to graphene.
In closing, we have shown that graphene neutral-
izes atomically-thin TMDs, leading to the absence of
light emission from charged excitons. Graphene also en-
ables picosecond non-radiative transfer of TMD excitonic
species. Starting from a given initial hot exciton density,
transfer of hot excitons to graphene will reduce the max-
imum achievable density of X0 and other longer lived
neutral excitonic compounds. The latter will be strongly
quenched by graphene, whereas the former will be min-
imally affected owing to their picosecond radiative life-
time. As a result, X0 exclusively contribute to the PL
spectra of TMD/graphene heterostructures. The mea-
sured X0 PL intensity is largely determined by the com-
petition between X0 formation and non-radiative hot ex-
citon transfer to graphene rather than by the trade-off
between radiative X0 recombination and non-radiative
X0 transfer to graphene. Consequently, moderate X0
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FIG. 4. Low-temperature exciton dynamics in a MoSe2/graphene heterosructure – (a) PL spectra of a MoSe2 (blue)
and a MoSe2/graphene heterostructure (red, thicker line), both deposited onto a SiO2 substrate. The right inset shows the
data on a semi-logarithmic scale. The grey-shaded area highlights a low-energy PL tail from localised (L) states in bare-MoSe2
that is massively quenched in MoSe2/graphene. A 3-level system is shown on the left inset. The blue wavy arrow indicates
the exciting laser pump pulse that generates a population of hot excitons (Xh). The latter relax with a lifetime τrel down to
the X0 state, from which radiative recombination occurs with a lifetime τ radX0 . The presence of graphene induces non-radiative
decay of Xh and X0 with timescales τhG and τ
0
G, respectively. A similar sketch may be drawn for excited sates other than X
0.
Time-resolved PL of the neutral exciton (X0) line in MoSe2/graphene (b), and in bare MoSe2 (c). The longer-lived tail in the
bare MoSe2 PL decay is attributed to exciton localisation. (d) Time-resolved PL of the trion (X
?) line in MoSe2. All data were
recorded at 14 K in the linear regime under excitation with ps laser pulses at 1.76 eV. The thin solid lines are mono-exponential
fits to the data after convolution with the instrument response function (IRF, grey area). The extracted X0 and X? lifetimes
(τX0 and τX? , respectively) are indicated.
PL quenching is observed in BN-capped samples, where
X0 formation occurs on rather slow timescales, up to
18 ps [6], whereas X0 PL enhancement can be observed
in SiO2-supported samples where X
0 form on a ∼ 1 ps
timescale that lies below the temporal resolution of our
setup (see Fig. 4 and additional discussion in Sec. S6).
Going further, our results pave the way for high-speed
(up to ∼ 1THz), photonic and opto-electronic devices
with one single bright and nearly lifetime-limited emis-
sion line. The latter may also benefit from the excellent
electrical contact, outstanding photodetection [34, 47],
electron and spin transport [35, 36] capabilities offered
by TMD/graphene heterostructures. One may also en-
vision progress in cavity quantum electrodynamics [48],
chiral optics [49] and opto-valleytronics [50, 51] by jointly
exploiting the remarkably simple emission spectra of
TMD/graphene heterostructures and their record-high
degrees of valley coherence and valley polarization of up
to 60 % and 50 %, respectively [52].
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Methods – Our model system is a van der Waals het-
erostructure formed by stacking a monolayer of graphene
onto a TMD monolayer using standard methods as in
ref 53 and 54. In this work, we have investigated MoSe2,
MoS2, WSe2 and WS2-based heterostructures directly
deposited on SiO2 substrates or encapsulated in boron
nitride (BN). All materials were mechanically exfoliated
6from bulk crystals. Graphene and TMD monolayers were
unambiguously identified using room-temperature Ra-
man and PL spectroscopies, respectively. Our samples
were investigated at variable temperature (4 K – 300 K)
by means of micro-PL and differential reflectance (DR)
spectroscopy using home-built setups. Time-resolved
measurements were performed on MoSe2-based samples,
using a Ti:Sa oscillator delivering ≈ 2 ps pulses with
a repetition rate of 80 MHz and a synchro-scan streak
camera with a temporal resolution of ≈ 1.5 ps. All
comparisons between results obtained on TMD and on
TMD/graphene are based on measurements performed
in the same experimental conditions on a sample con-
taining both regions.
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